Although significant progress is made in identifying pH sensing materials and device configurations, a standard protocol for benchmarking performance of next-generation pH devices is still lacking. In particular, key properties of characterization systems, such as inherent component contributions, time plots for extended-gate field-effect transistor (EGFET) measurements, and the input resistance (R in ), often go unreported in studies of pH sensing systems. These properties strongly influence the characterization system and can lead to mistaken attribution of properties to the device. In this paper, a series of essential characterization tests and parameters are reported to evaluate pH systems, such as the zinc oxide EGFET, in a standardized protocol. This EGFET ZnO sensor has a sensitivity of −58.1 mV pH −1 , drift range from 2.5 to 14.2 µA h −1 , and response time of 136 s. By using a ZnO sensing electrode, it is demonstrated that i) intrinsic contributions of reference electrode and commercial transistor (for EGFET) are not negligible; ii) time plots for EGFET configuration and defining a critical point at the onset of drift are essential for accurate sensitivity, response time, and drift reporting; and iii) the results of the pH sensing system are strongly dependent on the input resistance of the used characterization instruments. pH Sensor Benchmarking
The ORCID identification number(s) for the author(s) of this article can be found under https://doi.org/10.1002/smtd.201800265. DOI: 10.1002/smtd.201800265 membrane separating solutions of different acidity or alkalinity, arising due to a nonequilibrium junction potential. [2] [3] [4] Soren Sorenson introduced the term "pH" in 1909 [1] to denote the negative base-10 logarithm of the hydrogen ion concentration in aqueous solution, although this has been replaced by the hydrogen ion activity for thermodynamic consistency. [5] Many significant developments followed to measure the pH, mainly improving upon the glass electrode design and composition. [3] In modern times, alternate pH sensing methods have been considered in order to improve reliability and miniaturization. In the 1970s, Bergveld invented the ion-sensitive field-effect transistor (ISFET), [6] and Yates et al. introduced the site binding model for determining the surface potential due to adsorbed ions, which, in turn, influences the number of charge carriers and thus the drain to source current of the metal-oxide-semiconductor field-effect transistor (MOSFET). [7] van der Spiegel et al. developed the extended gate field-effect transistor (EGFET) using a depletion mode nMOS and iridium oxide (IrO x ) as multispecies microprobe, in 1983. [8] Today, traditional EGFET setups rely on a commercial enhancement mode transistor with its gate connected to the sensing electrode, made of an electrically conductive layer coated with pH-sensitive membrane. The accumulated charges at the sensing electrode affect the gate voltage of the transistor and modulate the channel current. The EGFET is a promising configuration for pH sensing systems that isolate the electronics from the electrochemical sensing electrode. These key developments paved the way for current research and opened new routes for investigations of materials and configurations for pH sensing systems.
A wide variety of materials have been investigated for their pH sensing capabilities, including metal oxides, [9] [10] [11] [12] polymers, [13] [14] [15] [16] [17] [18] and various nanostructures. [9, [19] [20] [21] Many pH sensing systems have targeted biomedical applications, [22] [23] [24] [25] such as monitoring healing wounds' pH, [13] and monitoring of pH for a heart undergoing ischemia. [11] Particularly, ZnO presents a useful model system because of its current use in multiple areas of research (i.e., as thin-film channel material, pH sensing membrane, and piezoelectric film), biocompatibility and ability to form various nanostructures. In 2005, the first application of ZnO membrane in EGFET setup was reported by Batista and Mulato using a commercial enhancement mode nMOS device and a reference electrode. [26] Recently, Ali introduced the interdigitated ZnO with nickel contacts EGFET, eliminating the need for the bulky reference electrode. [27] In addition, many recent reports focused on ZnO pH sensors in EGFET and ISFET configurations, [26, [28] [29] [30] nanotube and nanorod structures, [20, 31, 32] as well as more traditional open-circuit potential (OCP) measurements. [22] However, essential information for reproducibility of pH measurements has not always been reported. The experimental results are therefore hard to organize and benchmark. For example, the main reported plots for EGFET pH sensors are the transfer and output characteristics of the nMOS at different pH values [33] one issue with solely reporting these plots is the absence of the variation in time of the EGFET output. Moreover, rigorously determining an adequate response time to a steady state is difficult due to the constant drift of many pH sensing systems. For instance, the response time is defined by Wei et al. as the time needed for a sensor to reach 90% of its final value, [31] but, since all pH sensors experience a constant drift with time, [2, 16, 29, [34] [35] [36] [37] [38] [39] the final value is unclear. [40] Commonly investigated ISFET and EGFET pH sensing systems use a commercial reference electrode, [21, 32, 35, [41] [42] [43] [44] but the reference electrodes' properties and behavior are rarely reported, which leads to erroneously attributing their effect to the investigated sensing material. To give an example, solution-filled reference electrodes can have response times in the range of tens of seconds while gel-filled reference electrodes can have tens of minutes of stabilization time. [39, 45, 46] Furthermore, microfabricated versions of reference electrodes are more diverse and less stable; therefore, they require vital calibration before using in sensing systems. [47] Another critical aspect is to assess the internal resistance (R in ) of pH systems' characterization instruments because of the high impedance of pH full cells. In general, for OCP measurements, the shunt resistance of the potentiometer used should be orders of magnitude greater than the resistance of the pH full cell. For quantification, glass sensing electrodes have membrane resistance of hundreds of MΩ. [48, 49] Hence, the instrument measuring the potential between this electrode and the reference electrode should have an R in in the hundreds of GΩ to TΩ range. Typical digital multimeters have R in from 10 MΩ to 10 GΩ. [50] Today, semiconductor analyzers, [27, 43, 51] digital multimeters, [52, 53] n-type and p-type commercial transistors, [26, 40, [53] [54] [55] instrumentation amplifiers, [53, [55] [56] [57] electrometers, [12, 58, 59] electrochemical analyzers, [60] and pH meters [22, 47, 52] are used in pH sensing experiments, each with their own R in . Different pH sensing devices have disparate full cell resistances due to differences in material resistivity (ρ) and sensing geometry, and thus the input resistance should scale accordingly. Dependence of measurement results on instruments' input resistance has been previously demonstrated for high impedance piezoelectric devices. [61] The emergence of wearable and implantable sensors makes the R in and instrumentation requirements for portable pH sensing systems especially significant. [11, 13, 14, 16, 23, [62] [63] [64] Hence, ρ of the sensing material, the overall resistance of the pH cell, and the resistance of the instrument used are important to fully characterize the viability of a pH sensing device. It is fairly possible that the better stability and response associated with some low ρ films [57, 65] are attributed to an instrumentation issue. In other words, if the same instrument is used to characterize a pH cell with lower resistance, a relatively smaller portion of the cell current would pass in the instrument's resistance, leading to a smaller error.
Unlike traditional glass electrodes that are less prone to chemical reactions and fouling, pH sensing materials, such as ZnO, may react with or dissolve in testing solutions. [15, 49, 66, 67] This issue is insignificant when calibration and testing times are kept short. However, when biomedical applications are targeted with long-term monitoring (approximately in hours), the surface modification of the sensing membrane becomes crucial. Reported pH sensing membranes with the response times in the order of few minutes [20, 40, 42, 58, [67] [68] [69] might experience surface modifications even during the calibration phase. This highlights the importance of assessing the pH sensing membrane's surface integrity during calibration and in the real application environment.
In this work, we show that intrinsic contributions of reference electrode and commercial transistor are not negligible. We further demonstrate the importance of time plots for EGFET setup. We also propose a convention for the determination of the current saturation value and for distinguishing the response from the onset of current drift. We, then, discuss the repeatability of pH measurements and its dependence on commonly used instruments, as well as precipitation fouling. Furthermore, we highlight the key tests and parameters necessary for an objective benchmarking of pH sensing systems for reproducible and reliable experimental reporting, which would lead to rapid progress in research and development of pH systems for biomedical applications.
Results and Discussion

Time Plots and Analysis of ZnO pH EGFET
Sensing Electrode and Experimental Setup
To study the importance of time plots for EGFET setup, we fabricate ZnO pH sensing electrodes. The fabrication steps of the extended gate sensing electrode and the EGFET experimental setup are shown in Figure S1 and Figure S2 in the Supporting Information, respectively (see the "Experimental Section" for the fabrication and setup details). The functional structure of the sensing electrode is 160 nm silicon dioxide (SiO 2 )/10 nm chromium (Cr)/200 nm gold (Au)/320 nm ZnO. We use SiO 2 for electrical insulation, Cr for adhesion, and Au as the electrode. The electrode is connected to the gate terminal of a commercial n-type MOSFET (nMOSFET) (CD4007UB, Texas Instruments). Here, ZnO is the pH-sensitive membrane. The entire device structure is then encapsulated in polydimethylsiloxane (PDMS) with an exposed ZnO sensing area of 25 mm 2 .
The ZnO film has ρ > 160 Ω cm, and polycrystalline structure with (002) and (103) preferred orientations, as seen in the scanning electron microscopy (SEM) image and grazing incidence X-ray diffraction (GIZRD) plots in Figure 1a and Figure 1b , respectively. Energy dispersive X-ray spectroscopy (EDAX) and X-ray photoelectron spectroscopy (XPS) show a consistent oxygen content in ZnO of ≈40% by atomic ratio at the surface and in the deep layers of the film (Figure 1c , d ). ZnO inherently exhibits oxygen deficiency and it is an underlying www.advancedsciencenews.com www.small-methods.com cause of its behavior as n-type semiconductor. [70] Therefore, ≈40% O ratio is typical for sputtered ZnO thin films. [22] 
Intrinsic Properties of pH System Components
For a controlled experiment where the concerned ZnO film is accurately studied, the intrinsic behavior of other components used in the system needs to be assessed. A semiconductor characterization system (Keithley 4200A-SCS, Tektronix), and shielded wires are used for all EGFET measurements in this section. The nMOSFET device has an R in of ≈10 12 Ω and an input capacitance of ≈10 pF. [71] All measurements are conducted at room temperature (20 °C) and under yellow light (≈580 nm). To assess the effect of ambient CO 2 on measurements, experiments using commercial Mettler Toledo pH and reference electrodes indicate that changes in solutions' pH due to exposure to air are negligible for the duration of our experiments (≈−0.002 pH) (details are shown in Figure S3a ,b in the Supporting Information). The solutions' resistivity is ≈10 MΩ cm at direct current (DC) with 20% variation between pH 8 and pH 6. The leakage current into the gate of the transistor is ≈100 pA. This means that few millivolts will be always lost across the solution between reference and sensing electrodes, with a slightly higher loss for higher pH values. Since the loss is common to all solutions, it introduces a systemic error and does not affect sensitivity. Figure S3c (Supporting Information) shows the Bode plot for the buffer solutions.
First, we assess the stability of the nMOSFET with time in the saturation mode, i.e., drain to source voltage is greater or equal to effective gate voltage (V eff = V gs -V th and V ds ≥ V eff , where V gs is the gate-to-source voltage, V th is the threshold voltage, and V ds is the drain-to-source voltage). Figure 2a shows a consistent drift of the saturation current with a time of ≈18.6 µA h −1 . Reported sensitivities (S) for EGFET pH systems, extracted under similar saturation conditions, range between 15.8 and 79.9 µA pH −1 . [32, 41, [72] [73] [74] [75] [76] Noteworthy, the extraction of S values in A pH −1 from the output plot (I ds vs V ds ) of the transistor in saturation mode (V ds ≥ V eff ) is not recommended because pH variation results in a shift in V gs (i.e., pH ∝ V gs ) which modulates the drain-to-source current (I ds ). In saturation mode, the relation between I ds and V gs is quadratic (I ds,saturation ∝ (V gs − V th ) 2 ). Hence, a linear fit is more accurately represented by fitting a √I ds versus pH plot with S units in A 1/2 pH −1 . An example plot has been previously reported by Batista and Mulato in 2005, for EGFET's S in saturation, [33] and reported values in A 1/2 pH −1 lie between 0.26 and 1.36 µA 1/2 pH −1 . [29, 40, 53, 77, 78] The process of getting a physically meaningful S in mV pH −1 from the EGFET I ds versus V ds output plot will be discussed with the relevant results.
Second, we measure the reference electrode stability in different solutions by connecting two silver (Ag)/silver chloride (AgCl) commercial electrodes (MW-2030 RE-6, BASi) with 3 M sodium chloride (NaCl) filling gel. One electrode is connected to the gate of the transistor; the other is connected to a constant Small Methods 2018, 1800265 3 V source to provide an offset voltage and ensure the transistor is kept in ON state (transistor V th ≈ 1.5 V). The variation in I ds due to reference electrode potential variations in time at different pH buffer solutions is shown in Figure 2b . All buffers (Inorganic Ventures, Inc.) consist of sodium hydroxide (NaOH) and potassium dihydrogenphosphate (KH 2 PO 4 ) mixture with different concentrations (Table S1 in the Supporting Information provides the molar concentrations). Reasonable stability is achieved within ≈100 s, with variations of ≈1 µA with varying pH, and hysteresis within ≈2 µA.
ZnO EGFET and OCP Properties
Current flow variation with time at different pH values, for EGFET pH configuration, is crucial for determining how long the sensing and reference electrodes should remain in a tested solution. This, consequently, determines the time needed before the collection of correct output values and transfer plots. In our experiments, the sensing and reference electrodes are not conditioned with any special pretreatment, except rinsing in deionized (DI) water for a few seconds before and between the measurements. The results are shown in Figure 2c , with dotted lines highlighting variation in absolute and relative values at different time instances. Initially, there is a rapid change in current (I ds ) with time signifying the response regime. Subsequently, the slower change in I ds with time indicates the drift regime. Observing the slopes of the three lines (pH 6,7, and 8) in the drift regime, it is evident that farther I ds points in time have wider separation, i.e., the curves diverge with time. This is challenging since only one critical point (P c ) of I ds should be extracted to plot against pH in the calibration plot. We define the P c as the point at which the pH sensor response is complete, i.e., I ds reached the full response value. P c is then used to determine the response time as the time needed for I ds to reach 90% of the full response. The full response is the difference between the I ds at P c and the initial I ds value (I ds at t = 0 s). In our case, I ds at t = 0 s is fixed at ≈1.5 mA. This is the value that corresponds to I ds when V gs = 3 V and V ds = 5 V, and is achieved through a resetting technique. Figure S2c (Supporting Information) illustrates the resetting technique, where the ZnO electrode is briefly connected to the reference electrode for resetting, then it is reconnected to the gate of the transistor (i.e., the measurement configuration). Hence, the starting point is fixed for all solutions and accumulated charges from previous measurements are dissipated. The drawback of this technique is that during the brief connection duration, current can flow through the low-resistance connection outside the pH cell, possibly shortening the useful life of the electrodes in the long run. To account for this drawback, a spare (i.e., control) sensor should be fabricated, and the control sensor undergoing this procedure should be excluded from use in the real application for providing quality control and longer lifespan of the electrode. Furthermore, the P c is used in quantifying the drift from that time onward. One possible solution for identifying P c is observing the first derivative of Figure 2c Figure S4a -d in the Supporting Information). Evidently, the observed I ds versus V ds , at constant reference voltage (V ref ), significantly varies with the time at which the test is performed. To extract the S in saturation mode, we refer to the intrinsic transistor √I ds response to a V gs sweep, at constant V ds = 5 V (Figure 3c ). The slope is then determined in A 1/2 mV −1 . A plot of √I ds versus pH value at V ref = 3 and V ds = 5 V is then constructed, and the slope is measured in A 1/2 pH −1 (Figure 3d ). Together, the extracted slopes can be used to assess S in mV pH −1 (i.e., A 1/2 pH −1 /A 1/2 mV −1 = mV pH −1 ). S in the saturation mode of the reported ZnO is −17.5, −47.9, −56.2, and −58.1 mV pH −1 at t = 0, 60, 120, and 240 s, respectively. Proper calibration relies on the line corresponding to the I ds values at P c (i.e., t = 240 s). Additionally, the integrity of the surface is visually monitored for modifications, which only become significant after prolonged hours of testing. The total time for all EGFET experiments using ZnO electrode is ≈35 min.
Similarly, the extraction method for S in linear regime needs to be revisited. Figure 3e ,f provides similar plots for the ZnO EGFET in linear mode (V ref = 3 V, V ds = 0.3 V) and all instances are given in Figure S4e -h (Supporting Information). S extraction in linear mode is typically reported by choosing a fixed drain current value and identifying the intersection points with V ref for different pH values. [29, 40, 41, 53, 77] Nonetheless, this method is not recommended for two reasons. First, V ref is not directly related to the transistor's gate, compared to the current values which are actual currents flowing in the transistor. Second, the value of the constant current at which the horizontal line is drawn is arbitrary, which introduces significant errors based on the value of I ds as well as when interpolating, if that was not an actually measured point in the system. On the other hand, a similar approach to the extraction in saturation mode would be a more reliable approach. The linear mode response of I ds versus V gs of the transistor is shown in Figure 3g . Figure 3h displays the drain current values at V ref = 3 V and V ds = 0.3 V versus pH at different instances in time. The slopes of the latter two plots are used to extract S in mV pH −1 , varying from −9.8 to −84.8 mV pH −1 at t = 0 s and t = 240 s, respectively. These processes can be described by balancing the rates of nonequilibrium corrosion reactions to the different oxidation states at each electrode, and can therefore lead to non-Nernstian behavior (i.e., the −84.8 mV pH −1 super-Nernstian response could mean that one electron is transferred per 1.5 H + ions). [11, [79] [80] [81] However, the results from saturation mode show S within the Nernstian limit for the same film. Hence, the inflated S values from linear mode might indicate an earlier equilibrium that significant drift would lead to a wider spread in the results, and a larger drift in linear versus saturation modes. The average hysteresis of the ZnO sensing EGFET is −62.2 µA (corresponding to ≈+ 0.5 pH units error, similar to typical reported values [82] ) ( Figure S5 , Supporting Information). To overcome the hysteresis effect on calibration, all calibration points are collected from the same half-cycle from high to low pH values (i.e., unidirectional pH sweeps). Hysteresis is related to the recoverability of the sensing surface and the repeatability of the response. According to a recent study by Mackin et al., the sensor's response results from two adsorption mechanisms: one is reversible and the other is irreversible. [83] Accordingly, the larger the irreversible component, the larger the hysteresis. The ZnO film dissolution rate in the pH 6-8 range is ≈20 nm per day (ZnO total thickness is 320 nm). Hence, film degradation is not a significant factor in the observed anomalies. Nonetheless, further analysis in OCP setup using a potentiostat (Reference 3000, Gamry Instruments), with ≈10 11 ΩR in in differential mode, [84] is also conducted for crossvalidation and comparing EGFET to traditional OCP results for the same device. For OCP measurements, the testing instrument R in is critical while in the EGFET case, it is the MOSFET gate-to-source resistance that matters, as the sensing electrode only sees the isolated gate terminal of the circuit. The schematic of the OCP twoelectrode setup, with the working and working sense electrodes connected to the ZnO sensing electrode, and the reference and counter electrodes connected to the Ag/AgCl reference electrode is presented in Figure S6a (Supporting Information). The OCP variation with time for different pH values and the corresponding first derivative plot are depicted in Figure S6b and Figure S6c (Supporting Information), respectively. A control experiment shows that the OCP setup with two Ag/AgCl reference electrodes exhibits ≈58 s response time and ≈1.88 mV h −1 (0.03 mV min −1 ) drift. The results confirm the consistent behavior of the sensing electrode in a similar fashion as in the EGFET setup with P c ≈ 240 s and S = −62 mV pH −1 at P c , with higher S (32% increase) for delayed measurements due to the diverging drift ( Figure S6d, Supporting Information) . This emphasizes the importance of identifying P c and using the values at that time for assessing sensitivity and other parameters. Worth mentioning, extracting the pH at point zero charge (pH pzc ) from the OCP versus pH plot at the point where OCP is zero is an invalid approximation because the OCP value is not necessarily equivalent to the surface potential at the ZnO/ electrolyte interface. In fact, if the potential measured is due to a reaction at the electrode surface at equilibrium and not a junction potential, the OCP is independent of the surface potential. This arises because all the species in the electrical double layer (formed between the surface charges of the electrode and the attracted ions in the electrolyte) are in equilibrium with their bulk concentration. The OCP's dependence on pH can therefore is directly related to the electrochemical potential difference for electrons at each electrode, equivalent to representing the system as a galvanic cell. The electrochemical half-cell potential is given by the Nernst equation 
where E red is the half-cell reduction potential, red 0 E is the standard half-cell reduction potential, R is the universal gas constant, T is temperature in kelvin, z is the number of electrons transferred in the half-reaction, F is the Faraday constant, and a is the activity of the reduced or oxidized species. Applying Equation (2) to the reference electrode half-cell, the electrochemical reaction taking place is www.advancedsciencenews.com www.small-methods.com
AgCl e Ag Cl
We get [85, 86] 0.05916 V log 0.235 0.05916 log AgCl AgCl 0 10 Cl 10 Cl
The used AgCl reference electrode had an inner filling of 3 M NaCl, z = 1, and a Cl − = 3 M, assuming the activity coefficient of one. This gives a half-cell reduction potential of 0.206 V. Ideally, a similar approach should be followed when calculating the half-cell potential of the ZnO sensing electrode. This is a challenging task because the exact reaction or reactions taking place on the ZnO surface are still unconfirmed to date. We can assume that an electrochemical reaction would lead to the production or consumption of protons, such as
ZnO 2H 2e
Zn
Applying Equation (2) conceptually to this reaction gives a half-cell potential that has a constant portion (E 0 ) and a pH- 
However, the specific electrochemistry involved and number of electrons transferred is still unknown. The sensitivity at the P c is 62.3 mV pH −1 , close to the Nernstian slope for a reaction involving one electron per proton reacted. The OCP of the pH full cell is 292.1, 218.9, 167.7 mV at pH 6, 7, 8, respectively. Substituting for the OCP value extracted from extrapolation at pH = 0 or a H+ = 1 M at standard state, E cell = 0.663 V, in Equation (6) 2 , and ZnO are given by (7) , [87] with either pH = 0 or pH = 14 depending on whether H + or OH − participates in the reaction 
Hence, the positive standard reduction potential suggests either a different reaction or a mixed potential involving multiple simultaneous reactions. One possible reaction with positive standard reduction potential is oxygen evolution. However, the calculated value at the ZnO electrode does not map with a specific standard reduction potential value for possible oxygen evolution reactions ((13)) [87] O 2H 2e HO 0.695 V 2 2 2
Therefore, it is likely that the latter hypothesis of a mixed potential is taking place, leading to corrosion and passivation of the ZnO surface. This might explain the observed continuous and constant drift that arises due to a continuously evolving surface, adding to the stability and repeatability challenges with ZnO. Table S2 (Supporting Information) represents calculated potential values at the sensing electrode from representative reported works of ZnO and iridium oxide (IrO x ) (another common pH sensing membrane for biomedical applications [11, 88] ). These values were extracted by extrapolating the reported voltage versus pH plots. The extracted value at pH of 0 (i.e., a H + = 1 M) is then plugged into Equation (6) to estimate the reduction potential at the sensing electrode. For instance, the closer values of the calculated potential for IrO x electrodes to the standard reduction potentials of Ir redox reactions might explain the relatively more stable performance of IrO x versus ZnO membranes. The calculated potentials at the reported ZnO electrode vary significantly, and the magnitude of the potential is widely spread out from the expected standard reduction potentials involving the Zn ion. This topic is subject for further investigation, where the calculated potential values can predict the stability and repeatability of various pH sensing materials.
The above analysis assumes that no junction potentials are present in the system. As in the classical glass electrode, the measured potential difference may arise simply from a diffusion potential across the ZnO electrode among other possible reactions. For instance, i) diffusion of H + through the glass membrane, ii) facilitating the exchange of Na + and H + in solution by the glass membrane, and iii) generic binding site of weak dissociating groups of the glass membrane have all been proposed to explain the glass electrode's pH response. [59] Another common approach, relevant for the ISFET and EGFET setup, is to model the equilibrium surface charge density as a function of pH and, subsequently, relate the surface charge density to the measured potential via a model of the double layer. The model of the double layer involves the generic metal oxide chemical reactions shown in Equation (16) [82, [89] [90] [91] MOH H MOH protonation and MOH MO H deprotonation 2 ( ) ( )
where M represents the metal atom. This approach represents the system as a capacitance and is discussed with extraction of pH pzc in the Supporting Information.
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Repeatability of pH Sensing Systems
Representative repeatability test for the ZnO electrode in OCP setup using Keithley 4200A SCS (R in ≈ 10 12 Ω [92, 93] is presented in Figure S7 (Supporting Information); the inset shows the OCP values for the last 20 s from a full pH cycle (8→7→6→7→8). Measurements' starting point was fixed at zero by briefly connecting the two electrodes at the beginning of each measurement. Comparing Figure S7 and Figure S6b in the Supporting Information , minor variations exist given all variables (sensing electrode, reference electrode, buffers, and configuration) are the same except for the testing instrument. The Gamry Reference 3000 has an electrometer input impedance of ≈100 GΩ in parallel with a capacitance of ≈40 pF. [84] The Keithley 4200A SCS input capacitance can be neglected as the setup is calibrated with all wirings before the measurements to account for cable's impedance. In addition, guarded cables were used with the Keithley in OCP configuration, minimizing intrinsic sources of delay. Hence, the source of the variation rises from the higher input impedance of the Keithley and the possibly lower input capacitance. Although different instruments, with comparable capabilities and results, might show minor deviations, different arrangements within the same instrument can exhibit severe distortions. To demonstrate the effect of instrumentation errors on pH measurement systems, a traditional glass electrode is used. A Mettler Toledo half-cell glass sensing electrode (InLab Mono, Mettler Toledo) is used with the BASi RE-6 Ag/AgCl reference electrode, and Keithley 4200A SCS is used for data acquisition in OCP configuration. The OCP setup involves sourcing zero current from the force terminal of a source measure unit (SMU) to the sensing electrode and connecting the sense low terminal of the same SMU to the reference electrode, while measuring the resulting voltage at the sensing electrode. Using a single SMU eliminates the errors that might be generated when two SMUs are competing for imposing an ideal zero current. Figure 4a ,b shows the repeatability plots for the system in pH 6, 7, and 8. The same setup is used for multiple tests in pH 6, 7, and 8, while the current range is changed, which effectively changes the shunt resistance of the SMU. The variation of OCP results for the same system with varying input resistance of the Keithley 4200A SCS is shown in Figure 5a -c. The significant role of the R in is evident as results show different absolute values, separation with pH, and drift rates. These results are for a pH full-cell resistance of ≈600 MΩ (nominal resistance of glass sensing electrode plus the resistance of the reference electrode of a few kΩ). Hence, even a shunt resistance 15 times higher than the pH cell resistance (Figure 5c ) has a significant effect on results, as confirmed by the different behavior in Figure 5d with > 100 GΩ (≈10 12 Ω nominal). Therefore, the ρ of pH sensing materials needs to be assessed before collecting measurements to ensure instrumentation effect is minimized.
Another issue affecting the repeatability of pH measurements is the surface modification of sensing films, especially when used for long-term measurements. Possibilities include dissolvability of the film and unwanted depositions from the test solutions. [94] Dissolution rates of pH sensing films, such as ZnO, have been previously studied. [53, 95, 96] On the other hand, unwanted depositions are hard to detect, and difficult to treat. Depending on the severity and rates of deposition, portions of the sensing area are rendered useless as they are insulated from contact with the electrolyte. Furthermore, during the longterm measurement, it is challenging to isolate the dependence of the results on the actual ion being sensed versus other ions that are adsorbed or deposited at the ZnO surface. Detailed discussion on fouling and selectivity is provided in the Supporting Information.
Recommendations on Benchmarking for pH Sensing Systems
Standardization and complete reporting are critical for the steady progress of research fields. The example from the semiconductor industry and its reliance on standard procedures and processes to sustain progress and development is worth replicating. For pH systems, standards are already in place for calibration buffers, glass electrodes, and pH meters but not for materials and configurations, such as the EGFET. We propose a list of recommended parameters to be reported for new pH materials/systems to facilitate accurate assessment and benchmarking. recommendations. A summary of results, comparing reported pH systems with our protocol, is provided in Table S3 (Supporting Information). Noteworthy, for EGFET examples in Table S3 (Supporting Information), the input resistance is dependent on the used transistor's gate-to-ground resistance which is ≈10 12 Ω for the commonly reported CD4007UB transistor. The input resistance issue, in that case, is more relevant in other configurations that depend on the instrument's R in , such as the studied OCP configuration. Nonetheless, it is essential to report the pH cell resistance, including the sensing film resistivity, because the ratio of pH full cell resistance to the instrument's (or transistor's) resistance is still important. Furthermore, selectivity column is eliminated because it is not reported in any of the listed works. Nonetheless, ZnO has been reported to exhibit satisfactory selectivity to Na + and K + at lower concentrations (1 × 10 −6 M). [67] However, higher concentrations in the 10 −3 M range require further selectivity studies that are still unavailable. Hence, reporting full compositions and concentrations of used solutions would enable extending the usefulness of the results for validating and correlating with future selectivity experiments. Similarly, when working with nonstoichiometric membranes like ZnO, reporting all essential film properties is mandatory. Otherwise, reproducing reported works would be unfeasible. For instance, the zinc-to-oxygen ratio is seldom reported, although, the different surface compositions would significantly impact the results. Reliable surface compositions can be achieved through XPS scans, as shown in Figure 1d and Figure S8d with the lack of information about the structure of the reference electrode and its behavior, the intrinsic properties of commercial components, repeatability results, and the time sensitive parameters (i.e., response time and drift) limits the usefulness and impact of multiple reports. As a representative example, we summarize the ZnO EGFET experimental findings from this work by following the recommendations from our discussion (Table S3 , Supporting Information).
Conclusion
The increasing demand for pH sensing in various applications, including biomedical field, necessitates continuous innovations in pH systems. Although great progress has been achieved, many reports do not contain key parameters for reproducibility and accurate benchmarking of materials. To this end, we experimentally demonstrated the importance of intrinsic contributions of commercial components and time plots for EGFET pH sensing systems, proposed a convention for determining a critical point for standardization of response time and drift values, and highlighted the dependence of the results on instruments' input resistance. These results and discussions collectively lead to the recommended pH system reporting.
Our work is an important step toward addressing critical issues facing the standardization and benchmarking of pH sensing materials and systems. Valuable insights can be drawn from our suggested methods and be used for evaluating standard reduction potentials at the sensing electrode. Widespread use of our protocol would help to sustain continuous progress in the field of pH sensing.
Experimental Section
ZnO Electrode Fabrication: A silicon (100) wafer was used as a substrate. A 120 nm SiO 2 was then sputtered using the AJA 3-target sputtering system (AJA International Inc.) at room temperature. Denton E-beam Evaporator (Denton Vacuum, LLC) was used to evaporate 10 nm of Cr and 200 nm Au, without breaking the vacuum. A 320 nm ZnO film was deposited using an AJA 3-target sputtering system with 25 mm separation between the target and substrate, radio frequency (RF) power of 150 W, 15 sccm Ar, 7.5 sccm O 2 from an AJA ZnO target (99.99% purity, AJA International Inc.) at room temperature and 4 mT pressure. The base pressure before deposition was 5 × 10 −7 T and the total ZnO sputtering time was 120 min. To make connections to the electrode, the ZnO was patterned using general purpose photoresist (SPR 220-3, MicroChem Corp.) to protect the sensing area, and buffered oxide etch (BOE 5:1 CMOS, Avantor Performance Materials Inc.) for 6 min. The exposed Au under the etched ZnO was connected via a wire and silver paste (C2130102D1, Sun Chemical Corporation). The whole structure was encapsulated in PDMS elastomer with a 10% curing agent (Sylgard 184, MilliporeSigma), cured at 60 °C for 2 h with a 25 mm 2 opening area for the ZnO sensing. Figure S1 (Supporting Information) shows the fabrication process of the ZnO electrode.
ZnO Electrode Characterization: The ρ value of the ZnO film (> 160 Ω cm) was measured from a similar ZnO film on glass substrate, using a fourpoint Probe system (CDE-ResMap, Creative Design Engineering, Inc.). The crystallinity of the ZnO film was measured using a grazing incidence X-ray diffraction (GIXRD) scan (Smartlab Multipurpose Diffractometer, Rigaku Corporation) with an incident angle of 0.5°, and the Zn:O ratio at the surface and in bulk was extracted from PHI VersaProbe II XPS (Physical Electronics, Inc.) and Zeiss Ultra Plus EDAx (Zeiss International), respectively. Figure S2a (Supporting Information) illustrates the experimental EGFET setup used to characterize the pH sensing properties of the ZnO electrode. The schematic and connection pins to the nMOS transistor in CD4007UB package (Texas Instruments) are depicted in Figure  S2b (Supporting Information). A BASi RE-6 Ag/AgCl reference electrode with gel type 3 M NaCl internal solution was utilized. For I ds versus time plots, the reference electrode was biased at 3 V, drain voltage was biased at 5 V, and the drain current was monitored with time in different pH buffers using a Keithely 4200A SCS. The input resistances of the Keithley 4200A SCS and the nMOS transistor were > 1 TΩ, and the sampling time was 1 s. The full pH cell resistance was > 30 GΩ. The drain and reference voltages were swept in 100 mV increments for output and transfer plots, respectively. The compositions and concentrations of the used buffer solutions 6, 7, and 8 are provided in Table S1 (Supporting Information).
Glass and Reference Electrodes: For the instrumentation input resistance experiments, a half-cell pH sensing electrode (InLab Mono glass sensing electrode, Mettler Toledo) with <600 MΩ membrane resistance, pH pzc of 7 (± 0.25), response time of 20 s, and sensitivity of > 57.8 mV pH −1 was used. A reference electrode (InLab Reference Electrode, Mettler Toledo) of diaphragm resistance 5.5 kΩ, with internal filling 3 M potassium chloride (KCl) solution was used.
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Supporting Information is available from the Wiley Online Library or from the author.
